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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The dissipation properties, evolution of the dilatation and elastic properties in sub-microcrystalline titanium Grade 4 samples 
loaded in HCF and VHCF regime were investigated. The dissipation properties were studied based on self-heating (Risitano) 
test. The mechanical properties (elastic modulus, amplitude-independent damping) and dilatation for a set of samples with 
different degrees of the life time exhaustion were studied based on the acoustic resonance method. The dilatation was studied 
by the method of hydrostatic weighing. The experimental results show the increasing of energy dissipation in 
s bmicrocrystalline titanium and bsence the characteristic knee point on the graph of dependence of temperature rise versus 
tr ss amplitude for this material in self-he ting test. The structural investigation shows the decr asing of elastic properties 
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1. Introduction 
In this work we investigated the dissipation properties, evolution of the dilatation and elastic properties in sub-
microcrystalline titanium (SMC) Grade 4 samples loaded in HCF and VHCF regime. Progress in developing 
methods for the manufacture of bulk SMC tals has made possible the industrial-scale production of these 
materials and studies focused on their prospects for practical application.  
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It is well known that the high initial defect density in SMC metals leads to substantial improvements in their 
physical-mechanical properties under quasi-static loading. Although there has been a lot of research in this field, 
the effect of structural factors on macroscopic mechanical properties and dissipation ability under fatigue loading 
is still among the most actual issues of mechanics and physics of solids. This work is devoted to the experimental 
study of structure evolution and dissipation ability of SMC titanium Grade 4 under VHCF loading. 
The dissipation was studied by infrared thermography. Infrared thermography can be considered a universal 
experimental tool for studying temperature evolution in metals under cyclic deformation and failure. The rise of 
temperature under cyclic loading was initially studied by Geraci et al. (1985) and Luong et al. (1998), who found 
that the transition through the fatigue limit in metals was accompanied by a qualitative change in temperature 
evolution. Based on this fact, a novel technique (Risitano technique or a self-heating test) for determination of the 
fatigue limit of the material using a limited number of samples and in a short time was proposed. Further 
development of this technique was proposed by Liaw et al.  (2000), Fargione et al. (2002), Boulanger et al. 
(2004), Meneghetti (2007), Walter et al. (2008), Plekhov et al. (2008), Crupi et al. (2009), Amiri et al. (2010), 
Fan et al. (2012), Li et al. (2012). The evolution of the dilatation and elastic properties was carried out based on 
the acoustic resonance method using a piezoelectric vibrator with the longitudinal oscillations at frequencies of 
about 100 kHz. The porosity of the samples was studied by the method of hydrostatic weighing. 
2. Material and experimental conditions 
Titanium samples used in our investigation were processed by the ECAP methodat the Institute of Physics of 
Advanced Materials USATU, see for instance Valiev et al. (2006). The mechanical properties and chemical 
composition of titanium are presented in Tables 1,2 
 
Table 1. Chemical composition of titanium. 
Material C Fe H N O Ti 
Grade 4 <0.1 <0.5 <0.015 <0.05 <0.4 99 
 
Table 2. Mechanical properties of coarse- and fine-grained titanium 
Material grain size 
(μm) 
tensile strength,  
σв, (MPa) 
yield stress, σ0.2,  
(MPа) 
ultimate elongation, 
(,%) 
Grade 4 Initial 40 799 750 16 
Submicrocrystalline (SMC1) Grade 4  0,18 1250 1130 13 
Submicrocrystalline (SMC2) Grade 4  0,15  1310 1290 12 
 
The cyclic loading was carried out with frequency 50 Hz and R=0.1. An idea of the experiment is based on the 
hypothesis that the value of fatigue limit is correlated with the threshold of structural evolution [1,2]. The 
transition through the fatigue limit leads to an intensive defect evolution and, as a result, an intensive temperature 
rise of the sample. With each subsequent block, the average stress increased by 20МPа. At each step of loading, 
a temperature rise in the sample was measured. Between the cycles, samples were unloaded and relaxed until 
they reached thermal equilibrium with the environment. 
The geometry of samples made from titanium Grade 4 is represented in figure 1. The SMC titanium samples 
under investigation were exposed to different heat treatments after ECAP. To obtain the first SMC state (SMC1), 
each sample was subjected to 8 ECAP passes at T=450C. The last stage of treatment includes drawing of samples 
(from 14 to 9 mm in diameter) at 200С. To obtain the second SMC state (SMC2), each sample was subjected to 4 
ECAP passes at T=450C. The last stage of treatment includes rolling of samples (from 12 to 8 mm in diameter) 
at T=350С.  
The second cyclic test was carried out using the Shimadzu USF-2000 ultrasonic testing machine, which 
delivers accelerated testing of the fatigue properties of materials at 20 kHz. The 20 kHz vibration generated by 
the piezo element is amplified by the booster and the horn and transmitted to the sample to generate repeated 
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stress. In the ultrasonic fatigue testing system, the vibration system is constructed so that the longitudinal waves 
transmitted through the solid body resonate. Consequently, stationary longitudinal waves are formed inside the 
vibration system (sample, horn and booster). From the physical point of view, the mass of the sample itself plays 
the role of a generating reactive force, and there is no need to immobilize one side of the sample. By measuring 
the displacement of a free side of the sample, the generated strain distribution into the sample can be calculated. 
The uniform stress testing can be carried out by controlling the amplitude of the vibration. 
In the present study, all the samples were tested at the constant stress amplitude up to the failure. The cooling 
of the sample was realized by an air stream. The temperature of the sample was controlled by infrared camera. 
The ordinary temperature rise during the stable test regime was about 50C. The fatigue tests were carried out up 
to the resonant frequency falling in the range 20±0.5 kHz. 
Fig. 1 Geometry of the samples made in the self-heating and VHCF tests. 
 
The Young`s modulus E (a characteristic of elastic properties) and amplitude independent decrement δ (a 
characteristic of reversible micro plasticity properties) were determined using acoustic resonance method. The 
main peculiarity of the acoustic experiments is small stress amplitude which doesn’t change the dislocation 
density in the sample. The measurements were carried out using sectional piezoelectric resonant vibrator. The 
longitudinal vibrations of samples have a frequency of about 100 kHz. The amplitude was varied in a wide range 
to investigate both a linear (amplitude-independent) and nonlinear (microplastic) areas. The essence of the 
technique is very close to the ultrasonic fatigue test. The sample is connected with piezo element. Stationary 
acoustic waves are formed inside the vibration system (sample and piezo element). The elastic and micro 
plasticity characteristics are calculated based of the measurement of a resonant frequency of the system. 
Dilatation of samples was investigated using the method of hydrostatic weighing. The method involves 
weighing the specimen in air and in liquid (distilled water) at a constant temperature, as well as the determination 
of the density of the liquid used. Analytical balances AUW-120D Shimadzu was used for the experiments. The 
relative error of determining the density didn’t exceed 2 10-4 g. The accuracy of the measurement of water 
temperature was 0.05°C. 
3. Experimental results 
3.1. Energy dissipation and fatigue properties 
Figure 2 presents the results obtained during the self-heating experiments with titanium Grade 4 samples. The 
absence of mean stress (R= -1) leads to a relative small heat dissipation power and, as a consequence, to a 
relatively small temperature increment. The coarse-grained samples exhibit a sharp increase in the temperature 
increment at the stress amplitude of 420 МPa corresponding to the transition through the fatigue limit. The 
characteristic grain size has ambiguous effects on the dynamics of heat dissipation (temperature rise). The 
temperature evolution for titanium Grade 4 with a grain size of 0.18 microns is more intense than for titanium 
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with a grain size of 0.15 microns. This suggests that the description of the dissipative characteristics of complex 
materials requires a more precise description of their structure (the state of grain boundaries, the value of residual 
stress, etc.). 
As expected, the material with fine grains has a higher fatigue limit. The self-heating test for SMC titanium 
carried out until the stress amplitude of 650 MPa showed a monotonic temperature rise up to the failure. Failures 
were detected at the stress amplitudes of 630 and 650 MPa for grain sizes of 0.18 and 0.15 micron, respectively. 
Fig. 2. Mean temperature increment of titanium Grade 4 samples in coarse-grained (curve 1) and submicrocrystalline states (curves 2, 3) 
versus mean stress. 
 
To study the evolution of fatigue strength at high number of loading cycles, the ultrasonic fatigue test was 
carried out. The results of the test are presented in figure 3. The fatigue strength is a decreasing function of the 
lifetime for all states of the material examined in this investigation. At high stress amplitude (the stress amplitude 
is close to the fatigue strength determined during the 107 loading cycles), the SMC material exhibits a much 
longer lifetime than the coarse-grained material.  
Fig. 3. Fatigue strength of titanium Grade 4 samples in coarse-grained (curve 1) and submicrocrystalline states (curves 2 – SMC1, curve 
3– SMC2) during the ultrasonic fatigue test. 
 
The difference in the lifetime of coarse-grained and SMC materials decreases with decreasing stress 
amplitude. A comparative analysis of the fatigue behavior of titanium in two different SMC states allows us to 
propose a hypothesis that the SMC2 material has higher durability than the SMC1 material. Apparently, the high 
durability of the SMC1 state is caused by the homogeneous grain structure. The data of electron microscopy 
shows homogeneous grain distribution in the transverse and longitudinal cross sections of the SMC1 sample. 
This state is also characterized by high grain misorientation. Such a structure has high critical stress for crack 
initiation and, as a consequence, high durability. 
2088 O. Plekhov et al. / Procedia Structural Integrity 2 (2016) 2084–2090
 Author name / Structural Integrity Procedia 00 (2016) 000–000  5 
3.2. Structure evolution 
Two samples of Titanium Grade 4 in SMC1 state with different numbers of loading cycles were chosen for 
structural investigation: sample 1 was in the initial state; sample 2 – 3.2 109 cycles of loading at stress amplitude 
of 300 MPa. The measured density of the samples were ρ=4.5159 g/cm3 and ρ=4.5124 g/cm3 for samples 1 and 
2, respectively. A change in the density caused by deformation was  ∆ρ/ρ=8*10-4. 
For the acoustic resonance method the all samples were reshaped. The length 24.4 mm provides resonance at a 
frequency of about 100 kHz. The value of Young's modulus for the coarse grain titanium sample was 
106.48 GPa.  
During the study of elastic properties the strain amplitude of loading was increased and decreased from 0 to 
10-5. For each strain amplitude we measured Young's modulus. As is shown in figure 3 the value of Young's 
modulus depends on the direction of strain amplitude changing. Figure 4 presents the "stress – microplastic 
strain" diagram plotted on the basis of acoustic measurements. 
 
a 
 
B 
 
Fig 3. Amplitude dependence of Young's modulus for samples of titanium before (a) and after (b) VHCF test. The test were carried out at 
room temperature, the arrows indicate the direction of strain amplitude. 
 
    
Figure 4. Stress - microplastic strain curves of titanium samples before and after VHCF test. 
 
The analysis of data presented in figures 3,4 allows us to conclude that the ECAP leads to a degradation of 
Young`s modulus (from the initial value – 106.48 GPa to 102.95 GPa). This result is in good agreement with the 
theoretical predictions. The modulus of elasticity, measured with high precision, is a structurally sensitive 
parameter of the material. Noteworthy is the fact that Young`s modulus for the sample after completion of the 
gigacycle fatigue test also reduces from 102.95 GPa to 102.72 GPa. This decrease can also be explained by the 
appearance of dislocations in the sample during testing and softening of the sample.  
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4. Conclusion 
The titanium and Grade 4 with different grain sizes (from 40 to 0.15 micron) were tested under cyclic loading. 
The study shows the inefficiency of the classical approach for fast determination of the fatigue limit of SMC 
metals based on the self-heating test (Risitano technique). The results of the experiments can be summarized as 
follows: 
1. The conventional grain titanium exhibits an ordinary two steps behavior. The temperature rises sharply 
after the transition through the fatigue limit. The temperature kinetics for SMC titanium under self-heating 
conditions is linear up to the failure (the failure stress amplitude increases by 35-50 %). It leads to the 
inapplicability of the standard self-heating test for determination of the fatigue limit of materials with complex 
structure. 
2. The dissipation ability of the SMC material is higher than that of the conventional grained material at 
small stress amplitude. Taking into account the fact that grain crushing leads to the formation of SMC 
nonequilibrium structures containing high density of lattice and grain boundary defects with long range elastic 
stress fields, we can conclude that SMC titanium has a unique structural mechanism for energy dissipation and 
can use this mechanism at both small and high stress amplitudes. 
 The results of the ultrasonic fatigue test are as follows: 
1. At the stress amplitude close to the fatigue strength determined during the 107 loading cycles, the 
material in a SMC state has a much longer lifetime than the material with coarse grains. The difference in the 
lifetime of coarse-grained and SMC materials decreases with decreasing stress amplitude.  
2. The characteristic (mean) grain size is not a unique parameter determining the fatigue strength of 
titanium. This fact was proved by the comparative study of titanium samples with very close mean grain sizes 
and different states of grain boundaries. It has been found that the material with homogeneous structure and high 
grain misorientation (SMC1) has higher durability than the material with dislocation texture in the longitudinal 
direction and anisotropic grains shape (SMC2). 
The results of the structural investigation are as follows: 
1.   The increase of the number of cycles leads to the dilatation titanium samples. A change in the density 
caused by deformation was ∆ρ/ρ=8*10-4.The dilatation can be caused by initiation of new dislocations, micro 
voids and cracks.  
2. The ECAP leads to a degradation of Young`s modulus from the initial value of 106.48 GPa to 102.95 
GPa. This reduction can be caused by the generation of defects and dilatation areas in the samples undergoing 
severe plastic deformation. Young`s modulus decreases during deformation in the gigacycle fatigue regime from 
102.95 GPa to 102.72 GPa. 
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